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EXECUTIVE SUMMARY

Recent advances in solid state control technology have led to chopper-

controlled propulsion systems in urban rail transit applications. Such systems

offer the potential for superior train performance through increased train

propulsion efficiency and reduced train operating costs. The present program

sponsored by the Urban Mass Transportation Administration (UMTA) studies the

energy consumption characteristics of an urban rail system equipped with transit

cars having solid state chopper-controlled propulsion system. The program

objectives include the measurement of the transit system energy consumption

during revenue and nonrevenue service operation and the study of the relative

accuracy of current energy management models for predicting energy consumption

in urban rail systems.

In early 1980, UMTA initiated a cooperative program between government,

transit authorities, and transportation organizations in private industry to

study the problem of energy consumption in an urban rail system equipped with

the latest sophisticated control technology. The program as conceived consisted

of two parts; an extensive test program designed to measure train and system

energy consumption under revenue and nonrevenue service operations and a study

program designed to examine the validity of present energy management models

for predicting rail energy consumption. The program received enthusiastic

response from several sectors of the transportation community. Transit authori-

ties at Atlanta (MARTA) and San Francisco (BART) agreed to participate in the

test program. Nine private industry organizations expressed a desire to parti-

cipate in the validation studies of energy management models. BART was eventu-

ally selected as the site for the test program measurements which were conducted

between August 23, 1981 and September 2, 1981. Of the nine organizations which

expressed interest in the model validation studies, namely, Westinghouse,

Garrett AiResearch, L.T. Klauder & Associates, Electrack Inc., Kaiser Engineers,

Rail Systems Center of the Carnegie Mellon Institute, De Leuw Cather, Gibbs &

Hill, and General Electric, the latter three organizations eventually submitted

results from computer simulations using their respective energy management

models. The Carnegie Mellon Institute model was run by the DOT/Transportation

Systems Center, Cambridge, Massachusetts.
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The report summarizes the program accomplishments in the BART energy

consumption tests and the validation of energy management models developed by

private industry. The section dealing with the test program contains the test

plan and the BART test data. The latter includes power measurements at seven

substations and at selected circuit locations within the train propulsion

system. Substation and vehicle energy consumptions were found by numerical

integration of the power data. The main problems experienced during the course

of the measurements included certain instrumentation noise in both the substa-

tion and train propulsion data and unscheduled train service interruptions

during some of the test runs. By using careful data reduction, the impact of

instrumentation noise on the final test result was substantially reduced. The

occasional interruption of train service during the initial non-revenue service

runs proved somewhat troublesome and necessitated discarding certain portions

of the early test data runs.

The BART tests comprised Baseline Tests to measure the energy consumption

of a single train in the absence of energy regeneration and Revenue Tests with

many trains to study the effect of regeneration on the total energy consumed

during peak revenue service. The baseline runs provided important data for

'calibrating' the energy consumption characteristics of a single train and was

used as the basis for validating the energy consumption models developed by

private industry. The revenue runs measured the energy consumption with many

trains in operation and offered a convenient means for examining the capability

of present energy management models to predict rail energy consumption with

regeneration present.

A summary of the prediction results for the four energy management models

is given in the table below. For the Baseline Test, the predictions of Model

//3 are in excellent agreement with the test data, and the other predictions,

except one, are also within 10 percent of the test data. For the Revenue Test,

the predictions are generally lower than the test data. Excessive cycling of

the vehicle propulsion system through powering and braking could be one impor-

tant reason for these lower estimates. Among the additional factors which

contribute to discrepancies between model predictions and test results are

errors arising from the numerical integration of the vehicle power to determine

vehicle energy consumption, the effect of large weight differences between the

train cars during the baseline runs, the effect of train length as a factor

xi



MODEL PREDICTION VS. TEST DATA

RUN Model //I Model #2 Model //3 Model #4

BASELINE TEST

M90 - Ml

6

+2.75% +2.00% -2.50% -6.00%

Ml 6 - M90 -13.40% +9.00% -0.50% +7.00%

REVENUE TEST

M90 - Ml 6 - - - -

M16 - M90 - -10.00% - -

MP6 - M90 - MP6 -29.00% — -4.00% —

affecting the train speed profile as it relates to changes in speed restriction

as well as the programmed decelerations at stations, and observed variations in

train accelerations, decelerations, and cruise speeds compared with the nominal

prescribed values.

Program goals were effectively met at the conclusion of the program

effort. The BART tests provided data on the energy consumption characteristics

of an urban rail system equipped with chopper-controlled rail vehicles. Com-

parison of the data with model predictions furnished each program participant

with a means for assessing the validity of the respective model. It also

provided important insights into possible ways to improve the model’s validity

and thereby enhance its effectiveness as a tool for future rail system analyses.



1. INTRODUCTION

Accurate prediction of energy consumption of a transit car for any given

set of operating conditions, and the resulting rms and peak substation loading is

vital to transit systems in evaluating different alternatives in equipment

designs and operating procedures. Several equipment manufacturers and con-

sulting groups have, therefore, developed different computer models to simu-

late vehicle operations in revenue and nonrevenue service. The Rail Systems

Center of the Mellon Institute, Pittsburgh, Pennsylvania, has also developed

such a model for the Urban Mass Transportation Administration (UMTA) of the

U.S. Department of Transportation. Early 1980, UMTA initiated a program to

validate these computer models by comparing actual energy consumption data of

operating transit systems with the energy consumption predicted by these models.

This program received enthusiastic industry-wide cooperation in the form

of participation in the preparation and review of the overall test program, and

providing results of computer simulation. Transit systems at Atlanta (MARTA)

and San Francisco (BART) agreed to participate in the measurement of energy

consumption during revenue and nonrevenue service operations. Limited

energy measurements were conducted at BART between August 23,1981 and Septem-

ber 2,1981. The test plan was prepared in cooperation with BART and the

transit industry, and this plan is presented in Section 2. These tests were

jointly conducted by BART and the Boeing Services International (BSI) . The

BSI also processed the data obtained during these tests. This data is pre-

sented in Section 3.

All the engineering data for the test section of the BART system and the

operating conditions for the above energy measurement tests were provided to

the transit industry to enable these organizations to run their respective

computer models. The BART engineering data included the track charts, ATC/ATO

system specifications, vehicle data, system history log, passenger density on

the trains, electrical network layout, etc. This data is presented here in

Appendix A.

1



A total of nine organizations had initially agreed to participate in

this program, run their respective computer models, and provide the results

to UMTA for comparison with the test data. These are: General Electric,

Westinghouse
,
Garrett AiResearch, L.T.Klauder & Associates, De Leuw Cather,

Gibbs & Hill, Electrack Inc., Kaiser Engineers, and the Rail Systems Center

of the Mellon Institute. This UMTA program, however, was delayed considerably

due to the lack of needed resources, and only three organizations actually

submitted the results of their computer simulations. These are: General Elec-

tric, De Leuw Cather, and Gibbs & Hill. The Mellon Institute model was run by

the DOT/Transportation Systems Center, Cambridge, Massachussetts . The results

of these four computer models are presented in Sections 4-7.

2



2. BART TEST PLAN

The BART system shown in Figure 2.1, consists of three routes covering

a total of 71 miles and 34 passenger stations. Simulation of rush-hour re-

venue service, with several hundred cars running with variable train consists,

and monitoring energy consumption at various locations, is neither practical

nor necessary to validate computer models. A small section of the system -

Ml and M2 tracks between the mile posts of 6.00 and 15.30 - was, therefore,

selected for conducting the energy measurements. This test track is a part of

the Daly City - Concord, and the Daly City - Fremont routes. It covers nine

passenger stations between the Daly City and the Embarcadero stations, and

extends beyond the Embarcadero station for about 1.3 miles. The test track

layout is presented in Figure 2.2.

This track was selected for two reasons: the electrical network for this

part of the BART system can be isolated from the rest of the system, and there

are no yards along this track length. This isolated electrical network, shown

in Figure 2.3, has seven rectifier substations supplied from only one ac sub-

station. The network simulation is, therefore, simplified, and hence less

expensive. Since there are no yards, monitoring vehicle energy consumption is

also simplified.

Simulation of the following two types of train operations was considered

vital for model validation:

1. only one train running on the track, to obtain baseline energy

consumption data for a car without regeneration, and

2. several trains running on the track with rush-hour headways to

obtain data on the energy saving by regeneration.

The baseline test is quite straightforward, although it can be performed

only during nonrevenue hours. It is also preferable if the regeneration test is

3
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conducted during nonrevenue hours, because trains of equal length and weight

can be dispatched at equal headways from both ends of a track. This would,

of course, require several trains manned by train operators. For example, one

would require six trains ( see Figure 2.4 ) to be dispatched from both the

Daly City and the Embarcadero passenger stations. This would require assem-

bling special train consists before tests, parking them appropriately at both

ends and in between, dispatching them on schedule, and reforming the trains

after the tests for revenue service as necessary. Further, such tests could

only be conducted early Sunday mornings, because enough time would not be

available any other morning. These tests would, therefore, extend over a

period of several weeks, would require many train operators working overtime,

and would be very expensive.

It was, therefore, decided to monitor the energy consumption during the

regular evening rush-hour period. This meant that the trains would be of

variable length, and that the passenger loading of the trains would be variable,

and would be known less accurately. BART computes the train loading data by

correlating the number of passengers entering and leaving a particular passenger

station to the trains arriving and departing that station.

The following two types of tests were planned:

Test 1 - Regeneration Test ( Revenue Service )

Three instrumented cars would be added to a train consist, and this

train would make one round trip between Richmond and Daly City, lea-

ving Richmond at about 16:00 hours. The train would then enter the

test area at about 16:45 hours, arrive at Daly City at about 17:00

hours, leave Daly City a few minutes later, and exit the test area at

about 17:30 hours. The test data would be recorded onboard during

this trip. The rectifier substation data would be recorded for a

time period of about 14:00 - 19:00 hours.

7
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Test 2 - Baseline Test ( Nonrevenue Service )

A four-car train with the above three instrumented cars would make

runs between Daly City and Embarcadero. The energy consumption

would be monitored onboard and at the substations.

The detailed test plans are presented in Appendix B and Appendix C.

2.1 Instrumentation Plan

The schematic for the BART chopper is shown in Figure 2.5. It was nece-

ssary to monitor the energy consumed in the traction system, the onboard auxi-

liaries, and the total vehicle energy consumption. Some variables are normally

monitored by the propulsion control system for internal use. These include the

voltage across the line filter capacitor, motor currents for both the trucks,

axle speed, etc. Some logic signals are also available that indicate whether

a car is in propulsion or in braking. This plan attempted to use the available

sensors, as far as possible. A certain level of redundancy was also introduced

in measurements so that the required data would be obtained under possible

sensor malfunctions.

The BART Engineering Car with many of the sensors in place is an A - car,

and is designated as Car // 1. Two B - cars were also instrumented, and were

designated as Car # 2, and Car // 3. These two cars carried passengers during

the revenue service tests, but Car // 1 did not carry any passengers except for

the test crew. Two 14 - channel FM magtape recorders were used to record a

total of 24 variables. A few channels were left vacant to be available during

tests, if required.

The channel assignments for the two recorders were as follows ( refer to

the BART chopper schematic for various sensor and variable designations)

:

9
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RECORDER A

Channel

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1

2

3

4

Symbol

V
1

I
LI

X
MX1

I
MY1

X
DB1

I
BR1

ON/OFF

s

t

Description

Capacitor voltage for car # 1, sensor in place

Line current for car # 1 . The sensor TTD3 (12000A)

on this car had to be shifted as shown in Figure A-

2

in Appendix A

Auxiliary current for car // 1.

Motor armature voltage for car # 1. The sensor (1500V)

was connected between terminals PA3 and PA4

.

Motor current in X-truck for car # 1 ,
sensor TD1 in place

Motor current in Y-truck for car # 1 ,
sensor TD2 in place

Dynamic braking current, car # 1. Sensor TTD2 in place.

Current in R2-R3-R4, car // 1. Sensor TTD1 in place.

LPBP logic signal, car // 1 . 1 = Power, 0 = Brake.

Vacant

Vacant

Manually operated switch to identify vehicle trips.

Speed, car # 1. Sensor in place.

Time

RECORDER B

V.
Z

Capacitor voltage for

X
L2

Line current, car # 2.

in Figure A-2

.

I
X2

Auxiliary current, car

v
M2

Motor armature voltage

car # 2. Sensor in place.

Sensor was located as shown

# 2 .

,
car # 2

.

11



RECORDER B (CONTD.)

Channel Symbol Description

5 ~ I
MX2

Motor current, X-truck, car // 2. Sensor in place.

6 I
MY2

Motor current, Y-truck, car // 2. Sensor in place.

7 X
DB2

Dynamic braking current

was connected in series

for car // 2. Sensor (2000A)

with terminal P14 of resistor Rl

8 X
BR2

Current in R2-R3-R4, car

in series with terminal

#2. Sensor was connected

P19 of resistor R4

.

9 L
2

LPBP logic, car // 2.

10 I
L3

Line current, car // 3.

11 I
X3

Auxiliary current, car // 3.

12 - Vacant

.

13 - Vacant

.

14 t Time.

2.2 Data Reduction

The objective of this test program was to obtain sufficient and relevant

data regarding energy consumption of transit cars to be able to validate

computer models predicting the same. Several variables were, therefore,

defined that are critical to such validation. These included:

o Station kW for seven stations and the total kW

o Vehicle input kW, auxiliary kW, and the traction kW

o Series resistance kW/motor kW in braking

o Dynamic braking kW/motor kW in braking

o Traction kW/motor kW in braking

o Input kW/motor kW in braking

12



o Vehicle speed

o Vehicle input voltage

o Vehicle input current

All these variables are defined in terms of the observed variables in

Appendix D.

The resistive losses in the series resistances R2 , R3
,
and R4 and the

dynamic braking resistance are included here to examine how much energy is

not available for feedback to the third rail because it is lost in the chopper

controller itself.

The information recorded during the tests was reduced in different ways

to produce four basic types of output data for comparison with model predic-

tions. These types were:

o Instantaneous plots of all the variables for a very limited

time period

o One-minute averages for vehicle and substation kW loadings

o Energy consumption ( kWh ) on a trip basis at the substations

and in different onboard components such as motor, braking

resistances, etc.

o Substation loadings as 15-minute averages.

These data reduction requirements are detailed in Appendix D.

13
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3. TEST DATA

The necessary sensors and the recording instruments were installed on

the three cars and at the seven substations during the first three weeks of

August 1981. After the initial checkouts and debugging, the tests were

conducted during the period 23 August - 2 September 1981.

The Baseline Tests had to be conducted during the early nonrevenue hours

of 2:00 to 7:00 of any Sunday. The first such test runs were conducted on 23 Au-

gust. After completing one-and-a-half round trips between the Daly City (M90)

and the Embarcadero (M16) stations, the tests had to be terminated because of

an unexpected malfunction of the MA set on the Engineering Car. Additional

tests were then conducted on 30 August, running the train for seven round trips

between the Daly City and the Embarcadero stations. A total of eight-and-a-half

round trips were thus run during these Baseline Tests. Out of all these trips,

useful data was obtained only for six one-way runs - four (4) from Daly City to

Embarcadero, and two (2) from Embarcadero to Daly City. During other runs,

either the ’System History Log’ was lost in the BART Central Computer, or some

car equipment and/or some recording equipment malfunctioned. This is mentioned

here only to give the reader an idea of what can be expected of a non-laboratory-

type test environment, especially when several systems have to be coordinated.

The Regeneration Tests were conducted on the following six days: 25-28 Au-

gust, and 1-2 September 1981. Out of these six days, however, useful data was

obtained only on three days. For other days, either the ’System History Log’

was lost, and/or the train dispatch data could not be correlated with the arri-

vals and the departures at the passenger stations, and/or the passenger density

data could not be generated.

The data which could be used for this validation program, therefore,

covered only the following runs:

Baseline Tests : 4 runs from M90 to Ml 6, and 2 runs from Ml 6 to M90.

15



The timing of these runs are presented in Table 3.1. This timing

information should be used to identify the test data presented

later

.

^ Regeneration Tests : Afternoon rush-hour revenue service between

15:00 - 18:00 hours on 25-26 August, and 1 September 1981.

3.1 Baseline Test Data

The Baseline Test Data are presented in Figures 3.1 - 3.3. It includes

different types of data such as the station loadings, vehicle input power,

inherent circuit losses during vehicle braking, etc. These are separately

discussed below.

3.1.1 Substation Loading

The one. minute average of substation power is shown in Figure 3.1 and

the instantaneous substation power in Figure 3.2. Large background noise

was observed in the substation instantaneous power as can be seen in

Figure 3.2. Without suitable corrections this would lead to extremely

large errors in the integrated substation energies. Fortunately this noise

error could be estimated for a baseline test run by correlating the test

data of Figure 3.2 with the train schedule. During the train station

dwell times, substation loading should be minimal and limited to the power

demand of the train auxiliary systems. Moreover, any substation located

relatively distant from the passenger station in question should experience

near-zero loading during these periods of train station dwell. The sub-

station power during these time periods was used to establish a baseline

noise level which was subsequently subtracted from the substation power

data to obtain the substation loading due to the moving train.

The energy consumption data for Run #4 and the corrected energy

consumption are presented in Table 3.2. The total substation energy

16



TABLE 3.1

SCHEDULE OF BASELINE RUNS

RUN TIME ROUTE DATE RUN TIME

1 2:29:06 - 2:47:06 M90 - M16 Aug 23 0:18:00

2 3:15:17 - 3:40:50 M90 - Ml

6

Aug 23 0:25:33

3 1:37:21 - 1:58:11 M90 - Ml 6 Aug 30 0:20:50

4 3:15:22 - 3:34:49 M90 - Ml

6

Aug 30 0:19:27

5 1:58:20 - 2:22:42 Ml 6 - M90 Aug 30 0:24:22

6 2:52:42 - 3:12:30 M20 - M90 Aug 23 0:19:48

17



TABLE 3.2

ENERGY CONSUMPTION CORRECTED FOR ESTIMATED NOISE

SUB-

STN.

RAW

KWH

CORRECTED

KWH

MDC 58.7 16.8

MBP 50.0 17.6

MGP 44.3 18.0

MTF 34.6 13.2

MSS 27.0 13.9

MPS 51.9 32.7

MTW 76.8 16.8

TOTAL 343.3 129.0

* includes background noise

18



FIGURE 3.1 VEHICLE AND SUBSTATION TEST DATA

FOR BASELINE RUNS
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FIGURE 3.2 SUBSTATION LOADING DATA

FOR BASELINE RUN # 4
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FIGURE 3.3 VEHICLE DATA FOR BASELINE RUN # 4
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consumption for the run is 129.00 kWh which includes the train energy

and the losses in the third rail. The estimated error for the individual

substation loadings is ±0.3 kWh, except for the Powell Street (MPS) and

the Bay Tube West (MTW) substations where the estimated error is ±1.0 kWh.

It is interesting to note that the loading at the Powell Street substation

is significantly greater than the other substations.

Unfortunately, however, similar plots are not available for other

runs, and the energy consumption data for these runs cannot be corrected

with any confidence.

3.1.2 Vehicle Data

The data recorded on the two cars can now be examined. The speed-time

variation of Figure 3.3(a) is quite straightforward, where the ATO speed

limits can be clearly identified. The deadband of the vehicle speed control

system and the station dwell can also be seen. The line current drawn by

the car as presented in Figure 3.3(b) can also be closely correlated to the

speed-time variation, where each acceleration of the car corresponds to a

current drawn by the car, and each deceleration corresponds to a zero current

level. The current drawn by the car cannot be negative because there is

no regeneration.

The input and the auxiliary currents were both monitored by magnetic

flux type current sensors, and these sensors were located close to each

other and to other current carrying cables. A significant level of noise

was, therefore, seen in the auxiliary current recording. Hence the auxi-

liary power was assumed to be constant at 20 kW per car. Also, the line

voltage variation was within a range of about 1060 - 5.7% and 1060 + 13.2%.

The variation of the input kW and the traction kW with time, therefore,

closely resembles the line current variation.
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The problem of sensor noise arose several times during the test

program. Line current sensors for Cars #2 and #3 exhibited large noise

over a section of the track from Mile Post 13.84 to Mile Post 14.65,

between the Daly City and the Balboa Park passenger stations. All

attempts to eliminate this unexplained noise proved unsuccessful and

the vehicle data for Cars #2 and #3 between these stations had to be

discarded. A less serious but equally annoying problem was the zero

offset error present in the line current sensors for these two cars.

This offset error was discovered during data processing, and was eli-

minated using proper adjustments. These zero offset corrections were

obtained by extrapolating the input line current to zero motor power,

and the data was then corrected for this offset and for the constant

auxiliary power. This procedure was used to correct the vehicle data

for Car #2 for the baseline tests.

The power input monitored on the car is presented in Figure 3.1.

Energy consumption of a single car is obtained by integrating the

kW-time plots and is presented in Table 3.3 for all the six baseline runs.

The energy consumption associated with individual station runs was

determined for Baseline Test Run #4. This data for the Engineering Car,

i.e., Car #1, and for Car #2 is presented in Table 3.4. The relative

magnitudes of the vehicle energy consumption for these cars reflect the

large difference in weights of these cars. Car #1 weighs 98,000 lbs.,

and carried a test crew of 4 or 5, and the Car #2 was a B-car weighing

58,400 lbs. The station-to-station run times, the station dwells, and

the auxiliary power consumption are also shown in this table.

Table 3.5 summarizes the station-to-station energy consumption of

the test train obtained by adding energy consumption of Car #1 to the

consumption of three cars of the type of Car #2. The total energy con-

sumption for the entire trip is 117.00 kWh including the energy consumption
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TABLE 3.3

ENERGY CONSUMPTION OF THE BART ENGINEERING CAR

RUN KWH

1

2

3

4

33.59

34.21

37.31

34.49

5 51.75

6 53.19

Average of 1 - 4 for M90 - Ml 6 trip 34.90 kWh

Average of 5 - 6 for Ml 6 - M90 trip 52.47 kWh
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TABLE 3.4

VEHICLE ENERGY CONSUMPTION FOR BASELINE RUN #4

TIME CAR #1 CAR #2

STATION RUN SEC KWH KWH

M90 - M80 213 6.55 5.22

M80 DWELL 18 0.09 0.09

M80 - M70 121 5.63 4 .34

M70 DWELL 17 0.09 0.09

M70 - M60 169 5.40 4.42

M60 DWELL 24 0.13 0.13

M60 - M50 106 3.87 3.29

M50 DWELL 18 0.09 0.09

M50 - M40 124 5.53 4.15

M40 DWELL 21 0.11 0.11

M40 - M30 71 2.33 1 .85

M30 DWELL 22 0.12 0.12

M30 - M20 65 2.53 1.97

M20 DWELL 17 0.09 0.09

M20 - Ml 6 57 1.92 1.56

TOTAL 1063 34.48 27.52

* estimated by assuming an identical motor kW-to-total kW
ratio for both the cars.
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TABLE 3.5

TRAIN ENERGY CONSUMPTION FOR BASELINE RUN #4

STATION RUN
*

KWH

M90 - M80 22.20'“'

M80 - M70 18.65

M70 - M60 18.66

M60 - M50 13.74

M50 - M40 17.98

M40 - M30 7.88

M30 - M20 8.44

M20 - Ml 6 6.60

AUXILIARIES
DURING STN. DWELL

2.88

TOTAL 117.03

* stat ion-to-stat ion energy excluding station dwell

** car #2 consumption estimated by assuming an identical
motor kW-to-total kW ratio for both cars.
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of the onboard auxiliaries during the station dwell times.

3.1.3 Motor Traction Power

The traction system accounts for most of the energy consumption

of the car. During constant acceleration, the motor power increases

approximately linearly with speed until the motor becomes power limited.

The motor power then remains essentially constant during car acceleration.

The total motor input power for Car #1 and Car #2 are shown in

Figure 3.3(k) for two acceleration runs from 0-42 mph. One of the

runs is a baseline run, and the other is a revenue service run during the

regeneration tests. The motor power undergoes a sharp drop in the speed

range of 29 to 33 mph, in response to a circuit changeover for field

shunting. Toward high speeds, the motors become power limited at 700 kW

per car for Car #1 and at 740 kW per car for Car #2 respectively. The

effect of car loading is clearly evident from these plots. During the

baseline run with constant acceleration, the motors in Car #1 are loaded

more than those in Car #2 by almost 30 percent. This is because Car #1 is

substantially heavier than Car #2. During the revenue run, however, when

Car #2 carries passengers, the relative motor power in the two cars is

approximately equal. Also, the load weighing circuit of Car #1 is adjusted

to increase motor tractive effort in proportion to the car weight only

up to an AW2 weight of 82,000 lbs. Since the weight of Car #1 is 98,000 lbs.,

this car will experience a push from the remaining B-cars in the consist

such that the resulting acceleration of Car //I is consistent with the

acceleration of the entire thain.

3.1.4 Circuit Losses in Braking

When the propulsion system is in a braking mode, the traction motors

operate as dc generators, and the kinetic energy of the car is converted into
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electrical energy. This energy usually flows to several different sinks.

These include:

i) Series resistances R2
,

R3, and R4

,

ii) Dynamic braking resistor,

iii) Line filter capacitor,

iv) Auxiliary systems,

v) Third rail distribution network ( not receptive during

the Baseline runs ) ,
and

vi) Other lossy circuit components.

This flow of energy is controlled as follows: the braking energy is

first fed into the auxiliaries, the filter capacitor, and the third rail

if it 'is receptive; when the capacitor voltage exceeds a predetermined level,

the braking energy is diverted to the dynamic braking resistor, and is

wasted as heat. During vehicle braking at speeds above 17 mph, an additional

resistance of 0.1 - 0.8 ohm ( R2, R3, R4 ) is inserted in the circuit. The

fraction of the motor generated power lost in these resistances and the

dynamic braking resistor are presented in Figures 3.3(h) - 3 . 3 ( i) . It can

be seen that considerable energy is lost in these series resistances, and

this energy is not available to be fed back to the third rail, even if it

were receptive. These loss calculations are made only when tha vehicle

is in a braking mode as identified by the LPBP logic signal. These vari-

ables are, therefore, set to zero when the vehicle is in a propulsion mode.

It should be noted here that the switching in of the dynamic braking

resistor can be accurately correlated with the charging of the filter

capacitor as indicated by the step-increases in the line voltage.

3.1.5 VTRX/MOTOR in Braking

This ratio represents the fraction of the motor power returned to

the third rail and the auxiliaries. In the Baseline Tests, the third rail
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is not receptive, and this ratio represents the braking power used to

supply the auxiliaries. This ratio, by definition ( see Appendix D ),

is always negative. The Figure 3.3(j), however, shows several short

positive pulses. Most probably, this is because the ratio is being

computed even when the vehicle is in propulsion. This was done due

possibly to misinterpretation of the LPBP power/brake logic signal

during transitions.

3.2 Regeneration Tests

These tests were conducted during evening rush hours for six days -

25-28 August and 1-2 September 1981. The total substation power and the

energy consumption was monitored as usual by the Utility ( PG & E ) at

the ac substation. Vehicle performance was monitored during these tests

and energy consumption for specific runs was examined in detail.

3.2.1 Substation Loading

Table 3.6 presents the kW loading at the ac substation as recorded

by the Utility. The maximum and the minimum substation loading during

this period is shown in Figure 3.4. The kW-loading is computed as a

30-minute average, and the maximum should not be interpreted as a peak

kW-load

.

3.2.2 Vehicle Energy Consumption

The energy consumption of the BART Engineering Car during these tests

was obtained by integrating the kW input data of Figure 3.5, and is pre-

sented in Table 3.7. It should be noted here that the train made just

one round trip in the test section during the evening rush hour each day -

MP6 to M90 and back. The effectiveness of regenerative braking at BART

can be evaluated by comparing this data with that of Table 3.3.
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TABLE 3.7

ENERGY CONSUMPTION OF THE BART ENGINEERING CAR

KWH EST.KWH KWH EST.KWH

DATE M90 - MP6 M90 - M16 MP6 - M90 Ml 6 - M90

AUG 25 33.86 47.67

AUG 26 34.00 44.80

SEPT 1 33.36 48.53

AVERAGE 33.74 28.00 47.00 43.50
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FIGURE 3.5 ENERGY CONSUMPTION ON A TRIP BASIS

FOR REGENERATION TESTS
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Use of regenerative braking resulted in energy saving of close to

20 percent for the Daly City - Embarcadero run, and about 17 percent for

the Embarcadero - Daly City run. Performance of the BART chopper during

vehicle braking can be evaluated from the data presented in Table 3.8.

It can be seen that during vehicle braking, only about one-third of the

braking energy was fed into the third rail, and about two-thirds was lost

in the propulsion system itself, a significant amount being lost in the

series resistances R2 - R3 - R4

.

Some data recorded onboard the vehicles is now presented and dis-

cussed. The instantaneous variation of different variables is presented

for a typical seven minute period. The data recorded on Car #1 is shown

in Figure 3.6. The speed time variation typically shows different ATO

speed limits, although the vehicle speed control system is cycling the

propulsion system through several propulsion-braking cycles, most of them

quite unnecessary. This can surely be eliminated by a better control

system design. The feedback of energy into the third rail during vehicle

braking can be clearly seen in the vehicle input power ( VINP KW ) chart.

The ’MOTOR KW’ clearly corresponds to the ’VINP KW’, except that it is

positive even during vehicle braking. This is because the current sensor

in the motor circuit is unidirectional. The line current follows the

vehicle input power closely because the third rail voltage is essentially

constant

.

The internal circuit losses during vehicle braking can be examined

from Figures 3.6(h) and 3 . 6 ( i) . These should be compared to similar

losses shown in Figures 3.3(h) and 3.3(i) for the Baseline runs. With

regenerative braking, some enrgy is returned to the third rail as shown

in Figure 3 . 6 ( j )

,

the dynamic braking is minimal, and a significant

amount of energy is lost in the series resistances R2 - R3 - R4 . As

explained earlier, VTRX should never be positive during vehicle braking,

and the positive swings of Figure 3.6(j) are most probably due to
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FIGURE 3.6 REGENERATION TEST DATA FOR CAR # 1
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misinterpretation of the LPBP logic signal during power/brake transitions.

The data recorded on Car #2 is presented in Figure 3.7 and is similar to

that recorded on Car #1.

Vehicle energy consumption was next evaluated for specific station-

to-station runs on August 25, 1981 between the Civic Center and the Balboa

Park passenger stations. Tables 3.9 and 3.10 give the integrated energies

during propulsion and braking for the two cars respectively. The negative

energy corresponds to the regenerated energy returned to the third rail.

The station dwell energy is the amount of energy consumed by the onboard

auxiliaries during station dwells.

The total vehicle energy consumed by Car #1 between Civic Center

and Balboa Park is 28.55 kWh compared to the regenerated energy of

-2.75 kWh. This represents a net energy consumption of 25.81 kWh, or

a saving of about 10 percent. The Car #2 shows a saving of about 6 percent.

The energy consumption numbers of Table 3.10 are subject to an error of

0.1 - 0.2 kWh due to zero offset errors in the line current sensor in

Car #2

.

3.3 Sensitivity of Energy Consumption to Car Weight

It was stated earlier that the BART Engineering Car, i.e.. Car #1

is heavier than other cars because it is loaded to its crush load limit,

and in addition, carries some instrumentation and a test crew. This

weight differential must be considered when the test data is compared to

the model predictions. The energy consumption data presented here for

Car #1 and for Car #2 can be used to obtain the sensitivity of the energy

consumption to the weight of the car.

A parameter will first be defined here to describe the incremental

energy consumption sensitivity.
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FIGURE 3.7 REGENERATION TEST DATA FOR CAR # 2
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TABLE 3.9

ENERGY CONSUMPTION OF CAR #1

REGENERATION TEST ON 25 AUGUST 1981 FOR M40 TO M80 RUN

STATION RUN

TIME

SEC

PROP

KWH

BRK

KWH

NET

KWH

M40 - M50 123 5.48 -0.73 4.75

M50 DWELL 20 0.11 0.11

M50 - M60 101 5.63 o
r~-

oi 4.93

M60 DWELL 24 0.13 0.13

M60 - M70 173 10.38 -0.71 9.67

M70 DWELL 19 0.11 0.11

M70 - M80 141 6.71 -0.61 6.10

TOTAL 601 28.55 -2.75 25.81
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TABLE 3.10

ENERGY CONSUMPTION OF CAR #2

REGENERATION TEST ON 25 AUGUST 1981 FOR M40 TO M80 RUN

STATION RUN

TIME

SEC

PROP

KWH

BRK

KWH

NET

KWH

M40 - M50 123 5.10 -0.45 4.65

M50 DWELL 20 0.11 0.11

M50 - M60 101 5.10 -0.51 4.59

M60 DWELL 24 0.13 0.13

M60 - M70 173 9.10 -0.39 8.71

M70 DWELL 19 0.11 0.11

M70 - M80 141 6.10 -0.33 5.77

TOTAL 601 25.75 -1.63 24.07
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3.3.1 Incremental Energy Consumption Sensitivity

Let the energy consumption of a transit car with a weight be E^ ,

and let the energy consumption be E
?

for a car weight of . Then

AW = W
1

- W
2

and

AE = E
l

E
2

The incremental energy sensitivity parameter p is defined here as

ae/e
l

P “ aw/w
l

This parameter p is assumed to be constant over the range of car weights

encountered in this test program. For any other car weight of a car,

for example, the energy consumption E^ can then be obtained as

3.3.2 Sensitivity Parameter for Baseline Runs

The parameter p for the baseline runs is computed using the data for

Run #4 alone. The parameter is, therefore, strictly valid only for the

M90 - M16 runs, although it is also used here for runs in the opposite

direction. For Run #4,

W = 98,853 lbs.

W
2

= 58,400 lbs.
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and = 34.48 kWh

E
2

= 27.52 kWh

Hence p = 0.4933

The average weight per car of the experimental train is 69,013.25 lbs.

The energy consumption of the train per car can, therefore, be computed to

be about 15 percent less than that for Car #1, or, the energy consumption

of Car #1 should be about 17.5 percent higher than the average train energy

consumption per car.

Similar computations can be made by ignoring the energy consumed by

the car auxiliaries during station dwell. If the station dwell time is

assumed to be zero, the energy consumption of Car #1 can be computed to

be about 17.9 percent higher than the train energy consumption per car.

The above two factors are used here to compare the test data with model

predictions, as presented in Table 8.1 and Table 8.2 in Section 8.

3.3.3 Sensitivity Parameter for Revenue Runs

The sensitivity parameter p cannot be accurately computed for the

revenue runs because the weight of Car #2 is not precisely known. However,

the energy consumption data presented in Table 3.9 and Table 3.10 can be

used to estimate the sensitivity parameter p by assuming two passenger

loading conditions - an empty car, and a loading of 75 passengers. These

computations indicate that although the parameter p is sensitive to the

passenegr loading, the ratio of the energy consumption of Car #1 to the

energy consumption of the train per car is not very sensitive to the passen-

ger loading. This is because the energy differential is quite small due to

regeneration during revenue runs, and the train is a six-car consist. Under

both conditions of passenger loading, the energy consumption of Car //I
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was computed to be only about 5.8 percent higher than the average train

consumption per car. This factor is used here to compare the test data

with model predictions as presented in Table 8.1 in Section 8.

3.4 Noise in Data Recorded at the DC Substations

It was mentioned earlier that the data recorded at the seven dc

substations was quite noisy. For Baseline runs with only one train on

the test track, it was possible to estimate the noise levels sufficiently

accurately and to obtain the kilo-watt-hours supplied by the stations.

During Regeneration Test with regular revenue service, it is impossible

to isolate the noise and consequently the kWh computations based on

integrating the kW-time plots were highly inaccurate. Figure 3.8 presents

some of the test data recorded at the substations and also shows the ave-

rage loading of the individual substations as computed from the data re-

corded. The total energy consumption of the system recorded at the sub-

stations is compared with the ac substation measurements in Figure 3.9.

The difference is clearly the result of the noise in the substation mea-

surements. These measurements were, therefore, largely ignored.
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FIGURE 3.8 REGENERATION TEST DATA FOR SUBSTATIONS
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FIGURE 3.9 TOTAL SUBSTATION LOAD
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4. COMPUTER MODEL # 1

This computer model basically computes a series of steady state solutions

for a transit network, having up to 80 trains and/or substations on one or two

tracks, with trains running in opposite directions on a two track system. The

program automatically sets up a network of trains and substations at regular

intervals of time, based on train movements for a given headway and starting

times. This network is then solved to obtain voltage and current at each node,

i.e., at a train, or at a substation.

The model assumes that all the trains use either dynamic braking or rege-

nerative braking. A mixed fleet is not permissible. For regenerative braking,

line receptivity is computed at each train, and for dynamic braking, the line

current is assumed to be equal to the auxiliary current.

4.1 Input Requirements

The basic parameters that define any system include the car weight, acce-

leration/deceleration rates, speed limits, train consist, line voltage, circuit

parameters, etc. In addition to these, the following data files must be set up

prior to execution of this model. These are:

1. Information about the two trains travelling in opposite direction,

in the form of different time series such as speed, position,

tractive effort, operating mode, line current, etc. These time

series ( S-T-D files ) are generated automatically by executing

a separate computer program.

2. Information about all the electrical substations within the

network such as location, MW rating, efficiency, length and

impedance of individual feeders, etc.
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4.2 Program Output

The output for each node at any instant of time includes:

o Node

o Distance from one end of the system, ft.

o Speed, mph.

o Tractive effort, lbs/car

o Current flowing out of the node, amps,

o Voltage at the node, volts

o Line receptivity for regenerative braking ( regenerated current

as a percentage of the potential current at maximum line voltage )

o Mode of operation for a train or a substation as

- 5 train in regenerative braking, for coming to a stop

or to maintain a given speed

- 1 substation delivering power

0 train parked and drawing auxiliary power

+ 1 train at full acceleration

+ 2 train motoring at a constant speed

+ 3 substation not delivering power

- 3 receptive substation

+ 5 train in dynamic braking

An output summary at any instant of time includes:

o Power delivered by all the substations, MW

o Power from all trains in regenerative braking, MW

o Power drawn by all trains, MW

o Location of substation sinking the highest current, ft.

o Current dissipated by the above substation, amps,

o Power lost in substation impedances, MW
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o Power lost in all rail heating, MW

o Regenerative power available if the line is fully receptive, MW

o Power absorbed by all dissipative substations, MW

o Average line receptivity, percent

o Power dissipated in friction or dynamic brake, MW

o Power lost in series R1 resistance, MW

o Power into train auxiliaries of trains in regeneration, MW

o Total electric brake power, MW

o Headways, seconds

o Total number of trains

o Number of trains in mode 5

o Number of stopped trains

o Number of motoring trains

Input data summary at the end of each run includes:

o S-T-D filenames

o Substation location filename

o Output filename

o Receptive substation voltage

o No-load substation voltage

o Maximum receptive substation current

o Times of trains # 1 and // 2, seconds

o Rail resistance, ohm/mile

o Net energy consumption at trains, kWh/car-mile

o Average total substation loading, MW

o Flag if regenerative braking is not used.

4.3 BART Test Simulation

The revenue service operation for which all the operational data was

provided covered a total of nine hours of actual operation. The parameters
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such as train length, performance level, passenger load, dwell, headway, etc.,

varied over a very wide range during this period. The model was, therefore,

used to simulate only a 10-minute period - 16:51:25 hours to 17:01:25 hours

on 25 August 1981.

As explained earlier, the simulation assumes that all the trains have

equal length, and run with a fixed headway. The performance level and the dwell

can, however, be different for each direction of travel. This ten minute

period was, therefore, closely examined and the following constants were selected

for use in the simulation:

o A train length of 8 cars

o A performance level of PL2 for trains departing from the Daly City

station, and a level of PLl for trains in the opposite direction

o An average dwell of 14.3 seconds for trains leaving the Daly City,

and a dwell of 17 seconds for trains in the opposite direction. A

correction of 10 seconds was added to the above dwells, because

the dwells given in the 'BART System Log' represent only the time

interval between the door openings and door closings at the stations,

o Actual values for the passenger loads on the trains were averaged

for each station in each direction. These varied from a low of

two per car leaving the Daly City to a high of 220 per car leaving

the Embarcadero station towards Oakland,

o Over this ten minute period, the headway averaged 254 seconds, with

a low of 137 seconds, a high of 601 seconds, and a median of 200

seconds. A value of 254 seconds was used in this simulation,

o Train departures in both directions were based on the actual

schedule of the test train 453-06 of 25 August 1981. The doors

closed at the Embarcadero station at 16:46:43 hours. For simu-

lation, it was assumed that the train left the Mile Post 6 (MP6)

at 16:44:17 hours. The closest actual departure from the Daly

City was at 16:44:10 hours. By adding one half of the ten seconds
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correction, the correct departure was assumed to be at 16:44:15

hours, i.e., with an offset of 2 seconds between the traffic in

the opposite directions.

o The test section is open-ended at the MP6 end beyond the Embarcadero

station, i.e., the trains are in motion when they enter or leave the

test track. This model assumes that the trains are at zero speed

at both ends of the test section. This causes the Daly City-bound

trains to accelerate at MP6, and increases the load at the Bay Tube

West substation. This is, of course, partially offset by the trains

assumed to be at zero speed in the opposite direction, although they

are in fact accelerating.

o This model also assumes a fixed level track braking rate, in con-

trast to BART method of applying brakes at the approaching end of

a platform. For this simulation, this fixed stopping distance was

combined with the approach speeds and grades to compute an average

braking rate for each direction.

o The average wheel diameter of 29.194 inches for the three test cars

was used for the entire fleet.

o Vehicle speeds are assumed to be held at ( ATO limit - 2 ) mph.

As noted earlier, the station dwell was adjusted by 10 seconds to account

for the time interval between the start ( and end ) of the train motion and the

closing ( and opening ) of the car doors. When the recorded running time was

adjusted downward by this amount, excellent correlation was obtained with com-

puter predictions for the Baseline runs, as summarized in Tables 4.1 and 4.2.

4.4 Results of Simulation

The results of simulation of the Baseline runs are presented in Table 4.3,

and these are compared with the test data in Table 4.4.
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TABLE 4.1

RESULTS OF MODEL // 1

RUN TIME CORRELATION FOR BASELINE

**

RUN M90

SECONDS

- Ml 6

RUN DATA MODEL

M90 - M80 228~ 210

M80 - M70 127 123

M70 - M60 172 172

M60 - M50 107 108

M50 - M40 126 125

M40 - M30 73 70

M30 - M20 68 67

M20 - M16 56 59

** Average of Runs 1 - 4 ,
adjusted

* Run 1 only
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TABLE 4.2

RESULTS OF MODEL # 1

RUN TIME CORRELATION FOR BASELINE

*

RUN Ml 6

SECONDS

- M90

RUN DATA MODEL

Ml 6 - M20 - 61

M20 - M30 - 68

M30 - M40 66 70

M40 - M50 128 128

M50 - M60 104 106

M60 - M70 179 185

M70 - M80 131 116

M80 - M90 223 217

* Average of Runs 5-6, adjusted
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TABLE 4.4

RESULTS OF MODEL // 1

ENERGY CONSUMPTION ( KWH/CAR ) OF BASELINE RUNS

RUN MODEL
1

AVG.

MODEL DATA
2

AVG.

DATA

1 31.54 33.59

2 32.00 34.21

30.52 34.90
3 27.88 37.31

4 30.66 34.49

5 38.99 51.75
38.68 52.47

6 38.36 53.19

1 Model assumes total station dwell times equal to

10 seconds plus the dwell given in Tables A-5 through A-10.

2 Test data is for Engineering Car which weighs over

43 percent more than the average train weight per car.
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It should be remembered here that the weight of the BART Engineering

Car is over 43 percent more than the average weight per car of the experi-

mental train. Its energy consumption is, therefore, higher than that of

the train on a per car basis. The specific energy consumption of a car

has a weak incremental relationship to its weight, and this relationship

is quite route specific. The sensitivity of the transit car energy con-

sumption to its weight was discussed earlier in Section 3.3. Accounting

for this weight differential, the model prediction for the baseline runs

seems to be about 2.75 percent higher than the test data for the M90 - M16

trip, although for some reason, the model predictions seem to be about

13.4 percent lower than the test data for the M16 - M90 trip.

The revenue service was simulated with a headway of 254 seconds,

i.e., 4 minutes and 14 seconds. Since identical trains are continually

dispatched with this headway, the substation loading is also periodic

over this time period. The 30-minute average substation leading is,

therefore, meaningless under these conditions. The peak and the average

loading over a typical headway cycle are, however, presented in Table 4.5.

The total substation load is predicted to be 6.13 MW, and is in very good

agreement with the 6.45 MW load measured at the ac substation by the

utility system.

Some typical charts resulting from this simulation are presented in

Figures 4.1 - 4.3. Simulation of the Baseline Run #5 shows very clearly

that each of the substations is loaded in sequence starting from the Bay

Tube West substation, as the train moves from Embarcadero to Daly City.

In the revenue service simulation, each substation has a heavy load whenever

a train is accelerating in its vicinity. For example, the Daly City

passenger station, i.e., only once in a headway cycle. The Bay Tube West

substation will, however, supply accelerating trains at the Montgomery

Street, the Embarcadero, and the MP6 ( a pseudo station assumed for this

simulation ) passenger stations.
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TABLE 4.5

RESULTS OF MODEL // 1

AVERAGE AND PEAK SUBSTATION LOADS FOR REGENERATION TEST

SUB
STN AVG. MW PEAK MW

'k

time"

MTW 1.119 6.291 16:53:02

MPS 0.850 6.640 16:54:15

MSS 0.962 5.718 16:52:07

MTF 0.909 6.094 16:52:07

MGP 0.733 4.581 16:55:05

MBP 0.768 5.693 16:53:41

MDC 0.645 5.452 16:52:55

TOTAL 6.130 18.508 16:54:08

* During a 254 seconds headway cycle beginning at 16:51:26
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FIGURE 4.1 BASELINE TEST SIMULATION - MODEL # 1
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4

FIGURE 4.2 REGENERATION TEST SIMULATION

MP6 TO M90 - MODEL # 1
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FIGURE 4.3 REGENERATION TEST SIMULATION

M90 TO MP6 - MODEL # 1
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The energy consumption of a car in revenue service was computed to

be 52.55 kWh for a round trip between MP6 and M90. For the same trip,

the energy consumption of the BART Engineering Car was measured to be

78.74 kWh. Accounting for the weight differential, the prediction seems

to be about 29 percent lower than the test data.
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5.1 Input Requirements

The following inputs are required for this simulation:

o Train characteristics such as weight, passenger load, length,

auxiliary power, etc.

o Characteristics of the propulsion system such as number and types

of motors, operating curves for motors and gears, motor control,

control logic, wheel diameter, etc.

o System characteristics such as track charts, acceleration and

braking rates, ATO characteristics, etc.

o Train time tables.

This simulation uses actual values of different variables such as train

length and weight, station dwell, headways, etc., and hence requires a consi-

derable amount of book-keeping of all these variables.

Usual substation data such as the type, the location, line reactances,

efficiency, etc. is also required for all the substations in the system.

5.2 Program Output

A large volume of program output is provided, some of it at the user's

request. It includes:

o Summary of the input data

o Vehicle trajectories such as speed-position, position-time curves

o Power and energy computations such as

- power demand ( negative during regenerative braking )

with position

- energy consumption with position

- component power flows for motors, resistors, controllers, etc.
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5. COMPUTER MODEL # 2

This model was developed by the Rail Systems Center of the Mellon Insti-

tute, Pittsburgh, Pennsylvania, under the sponsorship of the Urban Mass Trans-

portation Administration. This is a general purpose model to study the power

flows and costs in transportation systems. The model contains two principal

subprograms which are linked together to simulate actual transit or main line

operations

.

The two subprograms are:

1. Train Performance Simulator

This program simulates the operation of a single car or a train

for any given track and vehicle characteristics. It computes the

speed-time-distance and power consumption profiles. The total power

is divided into all of its important components. Dynamic or regene-

rative braking, and/or onboard energy storage can also be simulated.

2. Electric Network Simulator

This program simulates the power flows in the electrical distri-

bution network for any given traffic pattern. This is done by first

establishing the network topology at any given time by knowing the

positions of the trains and then by solving the appropriate node equa-

tions for this network. The train time tables and passenger loading

data is used by the train performance simulator to generate the nece-

ssary information to define the network topology. This is done at

regular time intervals.

The program output provides a total picture of the electrical

system such as node voltages, currents, power flows into nodes, etc.
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5.1 Input Requirements

The following inputs are required for this simulation:

o Train characteristics such as weight, passenger load, length,

auxiliary power, etc.

o Characteristics of the propulsion system such as number and types

of motors, operating curves for motors and gears, motor control,

control logic, wheel diameter, etc.

o System characteristics such as track charts, acceleration and

braking rates, ATO characteristics, etc.

o Train time tables.

This simulation uses actual values of different variables such as train

length and weight, station dwell, headways, etc., and hence requires a consi-

derable amount of book-keeping of all these variables.

Usual substation data such as the type, the location, line reactances,

efficiency, etc. is also required for all the substations in the system.

5.2 Program Output

A large volume of program output is provided, some of it at the user’s

request. It includes:

o Summary of the input data

o Vehicle trajectories such as speed-position, position-time curves

o Power and energy computations such as

- power demand ( negative during regenerative braking )

with position

- energy consumption with position

- component power flows for motors, resistors, controllers, etc.
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o Summary consumption data such as kWh/ car-mile
,
average and

peak kW loads, gross and net kWh, kWh recovered by regeneration

o Electrical network load flows at regular intervals, average

and peak power demand at each substation, etc.

5.3 BART Test Simulation

Two Baseline Test runs, Run #4 and Run #5, were simulated with this

model. The energy consumption computed with this model is compared with

the test data in Table 5.1 and Table 5.2. Station dwell times used in

these model predictions were adjusted to make the train departure times

compatible with the train schedules given in Tables A- 8 and A-9. Under

these -condit ions
,
the predicted energy consumption for Run #4 is about

2 percent higher than the test data, and about 9 percent higher for Run #5

than the test data. The test results can also be compared by assuming a

zero station dwell. The prediction is then about 1 percent lower than the

test data for Run #4, and about 3.6 percent higher than the test data for

Run #5. This comparison is presented later in Table 8.2 in Section 8.

The Regeneration Test was simulated only for the revenue run between

Emabarcadero and Daly City passenger stations. Table 5.3 shows the predicted

energy consumption of Train 453-04 with the passenger loading as given in

Table A-12. The predicted total trip energy is 150.52 kWh for the train,

i.e., 37.63 kWh per car. The measured energy consumption of Car #1 was

47.67 kWh between MP6 and the Daly City station. An energy consumption

of 3.4 kWh was measured between MP6 and the Embarcadero station, thus lea-

ving 44.27 kWh for the Embarcadero - Daly City run. Considering the weight

differential of the test car, the predicted energy consumption is about

10 percent lower than the test data.

The amount of energy saved during regeneration is quite sensitive to

the voltage level across the filter capacitor at which regeneration is
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TABLE 5.1

RESULTS OF MODEL // 2

ENERGY CONSUMPTION FOR BASELINE RUN # 4

RUN

MODEL

KWH/TRAIN

MODEL

KWH/CAR

DATA

KWH/ CAR

M90 - M80 24.37

M80 - M70 18.68

M70 - M60 18.00

M60 - M50 13.90

M50 - M40 17.30

M40 - M30 11.90

M30 - M20 9.30

M20 - Ml 6 6.48

TOTAL 119.95 29.98 34.49

Note: The test
which we
average

data is for the BART Engineering Car

ighs over 43 percent more than the

train weight per car.

Station dwells modified to be consistent with
train departures specified in Table A-

8
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TABLE 5.2

RESULTS OF MODEL # 2

ENERGY CONSUMPTION FOR BASELINE RUN // 5

RUN

MODEL

KWH/TRAIN

MODEL

KWH/ CAR

DATA

KWH/CAR

Ml 6 - M20 15.70

M20 - M30 15.37

M30 - M40 12.55

M40 - M50 20.67

M50 - M60 23.35

M60 - M70 40.78

M70 - M80 28.01

M80 - M90 35.94

TOTAL 192.37 48.09 51.75

Note: The test data is for the BART Engineering Car

which weighs over 43 percent more than the
average train weight per car.

Station dwells modified to be consistent with
train departures specified in Table A-

9
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TABLE 5.3

RESULTS OF MODEL // 2

ENERGY CONSUMPTION FOR REVENUE RUN; TRAIN 453-04

RUN
MODEL

1

KWH/ TRAIN
RUN TIME
SECONDS

Ml 6 - M20 7.88 55

M20 - M30 7.48 63

M30 - M40 10.72 62

M40 - M50 21.28 110

M50 - M60 18.20 93

M60 - M70 35.08 152

M70 - M80 21.40 115

M80 - M90 28.48 203

TOTAL 150.52 853

GROSS INPUT ENERGY 192.00

REGENERATED ENERGY 41.60

1 Total traction energy including energy consumption during
station dwells for four car train. Multiply by 1.5 to

get energy consumption of a six-car train.

2 Start-to-stop time.
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terminated. This may be one of the reasons why the line receptivity is

predicted to be higher than that found in actual revenue service. As a

result, the energy saving by regeneration is predicted to be over

21^ percent, whereas it has been actually under 20 percent.

Some of the results of this simulation are presented graphically in

Figures 5.1 - 5.3. The input kW presented in Figure 5.2(b) clearly shows

the energy being returned to the third rail during vehicle braking. The

substation loading charts of Figure 5.3 should be compared with those of

Figure 3.8. This comparison is, however, not easily done because the

instantaneous variations of Figure 5.3 are sensitive to the time interval

between two successive network computations, and those of Figure 3.8 are

noisy.

The 15-minute average total substation loading predicted by this model

is compared with the 30-minute average loading monitored by the utility

system at the ac substation in Figure 5.4. The peak hour loading predicted

is less than 8 percent higher than the actual loading, and the overall

agreement over the three hour period is very good.
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FIGURE 5.1 BASELINE TEST SIMULATION - MODEL # 2
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FIGURE 5.2 REGENERATION TEST SIMULATION

VEHICLE DATA - MODEL # 2
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FIGURE 5.3 REGENERATION TEST SIMULATION

SUBSTATION LOADS - MODEL # 2
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6. COMPUTER MODEL // 3

This computer model was initially developed to simulate vehicle operation

and obtain the resulting rms substation loading for a given traffic pattern.

The vehicle performance program computes the power and energy requirements for

any given vehicle and track characteristics. This information is then used to

obtain the rms substation loading by assuming a set of identical trains moving

at constant headways in both directions. The starting times for the two direc-

tions can have an offset over a headway cycle. Typically these programs are

used to study substation capacity requirements under worst-case conditions.

The model requires a set of input data defining the vehicle, the track,

and the electrical network - essentially similar to that discussed for earlier

models. The program output produced is also similar as presented below.

The simulation of the Baseline Runs was quite straightforward with this

model. The basic substation loading model was, however, modified to simulate

the Regeneration Tests. The train consists, passenger loading, performance

levels, dwells, and other parameters varied over a wide range during the nine

hours of revenue operations on 25-26 August, and 1 September 1981. This period

was, therefore, first divided into sequential 7^ minute time slots. The data

for each time slot was then examined to define a set of constants such as train

length and weight, passenger load, dwell, headway, performance level, etc. to

represent the traffic during that time slot. The simulation model was then run

for all these time slots to obtain the substation loading.

6.1 BART Test Simulation

The results of the Baseline Test simulation are presented in Tables 6.1

and 6.2. Accounting for the higher weight of the BART Engineering Car, the

energy consumption predictions are in very good agreement (within 3%) with
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TABLE 6.1

RESULTS OF MODEL // 3

ENERGY CONSUMPTION PER CAR FOR BASELINE RUNS

MODEL
1

DATA
2

TRIP KWH KWH

M90 - Ml 6 28.95 34.90

Ml 6 - M90 44.44 52.47

1 Model assumes an average station dwell of 23 seconds

2 For Car #1 which weighs over 43 percent more than the

average weight per car of the test train
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TABLE 6.2

RESULTS OF MODEL // 3

ENERGY CONSUMPTION AT THE SUBSTATIONS FOR BASELINE RUNS

( KWH FOR A FOUR CAR TRAIN )

SUBSTATION

MTW

MPS

MSS

MTF

MGP

MBP

MDC

Ml 6 - M90

15.29

25.45

26.57

31.55

33.00

32.55

14.90

M90 - Ml 6

9.33

18.23

18.26

17.78

19.29

18.03

15.54

TOTAL 179.32 116.46



the measured consumption. The kW loading for the vehicle and all the sub-

stations are presented in Figure 6.1.

The Regeneration Test simulation is based on an assumption that 50 percent

of the available braking energy is fed back to the third rail system. The

loading on the different substations for the three hour time period is presented

in Figure 6.2. The total substation loading predicted by this model for the

three days is compared with the Utility data in Figure 6.3. The total energy

consumption during the three rush-hour periods is compared with the test data

in Table 6.3. The predictions are 22-25 percent higher than the respective

test data.

The specific energy consumption of a car in revenue service is predicted

to be 3.9 kWh/car-mile. This means that the round trip energy consumption

between MP6 and M90 is 73.00 kWh per car. The energy consumption for the BART

Engineering Car was measured to be 80.74 kWh for the same round trip. Again,

accounting for the higher weight of the Engineering Car, the model prediction

seems to be lower by about 4 percent.
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FIGURE 6.1 BASELINE TEST SIMULATION - MODEL # 3
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FIGURE 6.2 REGENERATION TEST SIMULATION

SUBSTATION LOADS - MODEL # 3
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FIGURE 6.3 COMPARISON OF TOTAL POWER - MODEL # 3
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TABLE 6.3

RESULTS OF MODEL // 3

REGENERATION TESTS

TOTAL ENERGY CONSUMPTION DURING 15:00 - 18:00 HOURS

MODEL DATA
DATE KWH KWH

25 AUG 19976 15950

26 AUG 20101 16445

1 SEPT 20065 16325
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7. COMPUTER MODEL # 4

This model is also a general purpose simulation, consisting basically

of two programs. One simulates the vehicle performance for any given vehicle

and track characteristics, and the other simulates the electrical distribution

network for any given network topology and traffic patterns.

The vehicle simulation program can model different types of vehicles

such as transit cars, intercity passenger and/or MU cars, freight cars, etc.

For each station-to-station run, the power requirements and the energy con-

sumption are computed on an instantaneous and on a trip basis. The network

simulator then computes the peak, the average, and the rms feeder and sub-

station currents for the given traffic pattern and traffic density.

This model was used to simulate only the vehicle performance for one

run between the Daly City (M90) and the Embarcadero (Ml 6) passenger stations

in each direction. The electrical network simulator was not used for these

runs. The Regeneration Test was not simulated at all.

A typical program output of this model is presented in Table 7.1 for a

limited vehicle run from the Daly City station to the Balboa Park station. The

motion of train is monitored every second, computing the distance travelled,

the current drawn, etc., at every step. Cumulative energy consumption compu-

tations are then provided at the end of each such run. The results of this

simulation are presented in Table 7.2. Accounting for the higher weight of the

BART Engineering Car, the predicted energy consumption for the M16 - M90 trip

seems to be about 6 percent lower than the test data, whereas it is about

7 percent higher for the M90 - Ml 6 trip.
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TABLE 7.1

RESULTS OF MODEL # 4

A TYPICAL PROGRAM PP INTOUT
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TABLE 7.2

RESULTS OF MODEL // 4

ENERGY CONSUMPTION FOR BASELINE RUNS

RUN
MODEL 1 DATA2

KWH/CAR KWH/ CAR

M90 - Ml 6 27.83 34.90

Ml 6 - M90 47.83 52.47

1 Model assumes an average station dwell of 20 seconds

2 For Car //I which weighs over 43 percent more than the
average weight per car of the test train
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8. CONCLUSIONS

All the computer models essentially consisted of two major programs -

one to simulate performance of a vehicle for given operating conditions,

and the other to simulate the electrical distribution network. The elec-

trical network has a variable topology, because the locations of the sinks,

i.e., the locations of the trains drawing propulsion and/or auxiliary power,

and the location of the sources, i.e., the location of regenerating trains

are constantly changing with the motion of trains.

Simulation of the Baseline Tests was quite straightforward, because

most of the important variables, if not all, were uniquely defined. Simu-

lation of Regeneration Tests was, however, made more difficult because

many variables such as length and weight of trains, station dwell, perfor-

mance levels, etc., varied over a very wide range. Some models used ave-

rage values of these variables to define the traffic patterns for simulation.

The input data supplied to the industry group included the track charts,

ATO specifications, vehicle details, train schedules, System History Log

from the BART Central Computer, passenger loading of the trains, etc. The

total data package was very accurate, complete, and totally consistent

within itself and with the test conditions. A large volume of useful data

was recorded during the test program. The data recorded at the seven sub-

stations was, however, found to be very noisy, and was largely ignored.

The predictions of the four models are compared with the test data

in Table 8.1. For the Baseline Test, the predictions of Model #3 are in

excellent agreement with the test data, and other predictions, except one,

are also within 10 percent of the test data. For the Regeneration Test,

the predictions are generally lower than the test data. Excessive cycling

of the vehicle propulsion system through powering and braking could be one

important reason for these lower estimates. It should also be noted here
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that these models have not been 'fine tuned' in any way to simulate the

BART system in particular.

The comparison of Table 8.1 is based on an assumed sensitivity of

the energy consumption of a transit car to its weight. This sensitivity

is very route specific, and is known more accurately only for the Baseline

Run #4, i.e., for the M90 - Ml 6 route. The model predictions are, there-

fore, very close to the test data for Baseline runs on this route. Pre-

diction of Model #1 for the Regeneration Test shows a large error. Most

probably, this is due to averaging of several variables defining the

revenue service, and due to assuming a passenger station at MP6, the open

end of the test track.

The model predictions were also compared with the test data by

assuming zero station dwell. This was done primarily because the station-

to-station run times and the station dwells could not be simultaneously

matched with the System History Log data for any simulation. Such a com-

parison was made for Run #4 and for Run # 5 of the Baseline Test by assu-

ming a constant auxiliary load of 20 kW per car. The results are presented

in Table 8.2. The predictions are generally closer to the test data under

these conditions as seen by comparing the results in Table 8.2 to those

presented in Table 8.1.
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APPENDIX A

INPUT DATA SUPPLIED FOR COMPUTER SIMULATION

A. 1 GENERAL INFORMATION

The basic system information such as the data for vehicle and

propulsion equipment as well as the physical characteristics of the

tunnel are given below.

Vehicle Data

Weight of A-car (empty) 60,400 lbs.

Weight of B-car (empty) 58,400 lbs.

-Equivalent Rotational Weight 7,032 lbs.

Number of Cars in Train 3-10 variable, A-cars at both

ends and B-cars in between

Axles/Car 4

Motors/Car 4

Frontal Car Area 100 Sq. ft.

Length of Car 70 ft.

Acceleration 3.0 mphps nominal, modified

with the performance level PL

as given in Table A-l.

Deceleration 3.0 mphps

Jerk 2.0 mphpsps

Wheel Diameter* 30 in. (new) , 28 in. (worn)

Line Voltage 850 V (minimum), 1150 V (max.)

Gear Ratio 5.58

Average Power to Auxiliaries * 20 kW

The train resistance is given by

R (lbs.) = 1.3NW + 116N + 0.045NWV

+ [ 0.0024 + 0.00034 (N - 1) ] AV 2

* Average wheel diameter for three instrumented cars - 29.194 in.
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where

N - Number of cars in the train consist

W - Car weight* tons

V - Speed* mph

A - Frontal area, sq. ft.

Motor Data

Main field resistance 0.018 ohm

Armature and commutation field resistance 0.0238 ohm

Field weakening ratio 50 X ( 100 X for braking)

Motor performance curves presented in Fig. A-l.

Motor connection 2S2P

Chopper Data C See Figure A-2 >

Resistance of line reactor 0.00185 ohm

Iron losses of line reactor 160 watts

Resistance of motor reactor 0.0154 ohm

Iron losses of motor reactor 1460 watts

Resistance of filter capacitor 0.007 ohm

Resistance of line aide cable 0.0004 ohm

Resistance of motor aide cable 0.003 ohm

Chopper commutation losses 3700 watts

Propulsion System

Maximum tractive effort limited to AW2 loading*

i.e., 82*000 lbs

Tunnel Data

Internal diameter 16 ft. 10 in.

Vent structures

- At all underground stations 9 ft. X 9 ft. shaft

at both ends

- Others as given in track data

in Tables A-2 and A-

3
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WESTINGHOUSE

TYPE

1463

TRACTION

MOTOR,

5.58

GEAR

RATIO,

30"

WHEELS

BdH *Q33dS
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From

0

700

2660

4488

6860

8010

8260

9060

9470

10170

10200

10810

11085

11710

13305

14160

14535

15105

15545

16245

16275

16660

TABLE A-

2

TRACK DATA

FOR

TRACK MR FROM DALY CITY TO ABOUT MP 6.00

To Grade
%

Speed Track
mph type

Notes

700 0.8 36 GR Platform-DALY CITY (M90)

2660 0.8 36 GR

4488 2.75 36 GR

6860 -3.50 36 GR

8010 -2.11 36 GR

8260 -3.19 36 GR

9060 -3.19 36 SB Tunnel Entry 8260

9470 -1.0 36 SB

10170 -1.0 36 SB Platform - BALBOA PARK (M80)

10200 -1.0 36 SB

10810 -1.0 50 SB

11085 2.11 50 SB Tunnel Entry 11085

11710 2.11 50 GR

13305 -3.89 50 GR

14160 -3.89 50 SB Tunnel Exit 13305

K535 2.138 50 SB

15105 2.138 36 SB

15545 0.30 36 SB

16245 0.30 36 SB Platform - GLEN PARK (M70)

16275 0.30 36 SB

16660 0.30 50 SB

19360 -0.675 50 SB
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19360

22585

22975

24010

24295

24995

24998

24964

27540

27914

28965

29665

29694

30596

32346

33186

34446

34831

35531

35705

37296

37494

38194

38686

39815

39845

40545

22585 -3.12 50 SB

22975 0.546 50 SB

24010 0.546 36 SB

24295 -0.30 36 SB

24995 -0.30 36 SB

24998 -0.30 36 SB

25964 -0.30 50 SB

27540 -1.60 50 SB

27914 -1.60 36 SB

28965 -0.30 36 SB

29665 -0.30 36 SB

29694 -0.30 36 SB

30596 -0.30 50 SB

32346 -0.99 50 SB

33186 1.06 50 SB

34446 1.06 36 SB

34831 -1.00 36 SB

35531 -1.00 36 SB

35705 -1.00 36 SB

37296 -0.316 36 SB

37494 0.70 36 SB

38194 0.70 36 SB

38686 0.70 36 SB

39815 -1.00 36 SB

39845 -1.00 27 SB

40545 -1.00 27 SB

40575 -1.00 27 SB

1 2
Vents at 19712,22175

Platform - 24TH ST. MISSION
(M60)

3 4
Vents at 26139 and 27209

Platform - 16TH ST. MISSION
(M50)

5
Vent at 32215

Platform - CIVIC CENTER
(M40)

Platform - POWELL ST.

(M30)

Platform - MONTGOMERY ST.

(M20)

291



40575 41511 -1.0 36

41511 41721 -0.60 27

41721 42421 -0.60 18

42421 42432 -0.60 18

42432 42802 -0.60 50

42802 43695 -3.05 50

43695 43854 -1.27 50

43854 45748 -1.27 80

45748 48682 -0.30 80

1. Fan opening 4'1" radius circle

Fan damper opening 8 '8" square

Surge damper 17*2" x 7' 2"

3. Fan partition opening 11* x 10'6"

Fan damper opening 8 '8" square

Surge damper 14* 1" x 8' 7"

5. Fan opening 4’lV radius circle

Fan damper opening 8' 8" square

Surge damper 14' 2" x 8* 8"

SB

SB

SB Platform - EMBARCADERO (M16)

SB

SB

SB

SB
6

SB Vent at 43860

SB End of test track at 48682

2. Fan opening 4
' 1^" radius circle

Fan damper opening 8* 2" x 8' 8"

Surge damper 17* 2" x 7*2"

4. Fan part, opening 11' x 9’ 3"

Fan damper opening 8' 7" square

Surge damper 14* 1" x 8*7"

6. Vent shaft 14' 11" x 26'7"

Fans and other equipment in

side chamber.
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From

0

2204

2936

4837

5003

5889

6259

6270

6970

6972

7473

8146

8846

10005

10497

11197

11395

12986

13160

13860

13890

TABLE A-3

TRACK DATA

FOR

TRACK ML FROM ABOUT MP 6. 00 TO DALY CITY

To Grade
%

Speed Track
mph type

Notes

2204 0.30 80 SB

2936 0.30 50 SB

4837 1.27 50 SB Vent at 4822

5003 1.27 36 SB

5889 3.05 36 SB

6259 0.60 36 SB

6270 0.60 18 SB

6970 0.60 18 SB Platform EMBARCADERO (Ml 6)

6972 0.60 18 SB

7473 0.60 36 SB

8146 1.00 36 SB

8846 1.00 36 SB Platform - MONTGOMERY ST.

(M20)

10005 1.00 36 SB

10497 -0.70 36 SB

11197 -0.70 36 SB Platform - POWELL ST. (M30)

11395 -0.70 36 SB

12986 0.316 36 SB

13160 1.00 36 SB

13860 1.00 36 SB Platform - CIVIC CENTER
(M40)

13890 1.00 36 SB

14245 1.00 50 SB
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14245

16378

17358

18128

19060

19760

19790

20811

22582

22761

23730

24430

24461

24716

26124

29351

30715

32026

32441

33141

33171

33581

34526

35381

36459

36976

37601

37881

TABLE A- 3 (CONTD.)

16378 -1.044 50 SB

17358 0.99 50 SB Vent at 16467

18128 0.99 36 SB

19060 0.30 36 SB

19760 0.30 36 SB Platform 16TH ST. MISSION
(M50)

19790 0.30 36 SB

20811 0.30 50 SB

22582 1.6 50 SB Vents at 21473 and 22543

22761 1.6 36 SB

23730 0.3 36 SB

24430 0.3 36 SB Platform - 24TH ST. MISSION
(M60)

24461 0.3 36 SB

24716 0.3 50 SB

26124 -0.546 50 SB

29351 3.12 50 SB Vents at 26507 and 28970

30715 0.675 50 SB

32026 0.675 36 SB

32441 -0.30 36 SB

33141 -0.30 36 SB Platform - GLENPARK (M70)

33171 -0.30 36 SB

33581 -0.30 50 SB

34526 -2.138 50 SB

35381 3.89 50 SB Tunnel Exit at 35381

36459 3.89 50 GR

36976 3.89 36 GR

37601 -2.104 36 GR

37881 -2.104 36 SB Tunnel Entry at 37601

38516 1.00 36 SB
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TABLE A- 3 (CONTD.)

38516 39216 1.00 36 SB Platform - BALBOA PARK
(M80)

39216 39294 1.00 36 SB

39294 39636 1.00 50 SB

39636 40426 3.198 50 SB Tunnel Exit at 40426

40426 40686 3.198 50 GR

40686 41826 2.116 50 GR

41826 43625 3.50 50 GR

43625 44187 3.50 36 GR

44187 45412 -2.769 36 GR

45412 46003 -2.75 27 GR

46003 47972 -0.80 27 GR

47972 48002 -0.80 18 GR

48002 48702 -0.80 18 GR Platform - DALY CITY (M90)

Refer Table A-2 for data on vent structures.
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Electrical Network

There are seven rectifier substations supplied by one ac substation

as shown in Figure A-3. The locations of these substations and

their ratings are given in Table A-4. The full load efficiency of

the rectifier substations may be assumed to be 98 percent.

A. 2 TRACK DATA

The track section on the M-line between the mile posts of about 6.00

and 15.00 is used as the test track. The track MR (or M2) is for traffic

from Daly City to Embarcadero and the track ML (or Ml) is for traffic in

the opposite direction - from Embarcadero to Daly City.

The type of track, the grade and the ATC speed limit for these tracks

are presented in Tables A-3 and A-4. The length of the platforms, vent

locations, tunnel portals are clearly identified. The onboard control ini-

tiates the Program Stop when the train approaches the leading edge of the

platform. This Program Stop automatically brings the train to a complete

stop at the platform as required irrespective of the length of the train

consist. The vehicle speed is maintained within a range of (-0.75±0.5) mph

and (-4.75±0.5) mph from the specified limit. The ATC speed limits given

here are modified for different performance levels as shown in Table A-l.

A. 3 BASELINE ENERGY CONSUMPTION TEST

A four-car instrumented train was run under non-revenue service condi-

tions on the test track to establish some baseline data on the energy con-

sumption of a car without regeneration. Since this train was the only train

on the track, energy regenerated during vehicle braking may be assumed to be

zero

.

The train schedules and other data for these runs are given in Tables

A-5 through A-10. This data and the data given earlier should be sufficient

to predict the energy consumption of the train using computer models.
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TABLE A-

4

ELECTRICAL SUBSTATION DATA

Substation lYP-e MW/MVA Location

Daly City DC 6 1469

Balboa Park DC 8 9470

Glen Park DC 7 16195

Valencia^ AC 50 22175

24th Street DC 8 24963

16th Street DC 8 29635

Powell Street DC 10 37524

Bay Tube West DC 10 43860

1. With reference to the Daly City end of the platform on the

MR (or M2) track at the Daly City passenger station.

2. Supplies ac power input to all dc substations.



TABLE A-5

BASELINE ENERGY CONSUMPTION TEST

RUN # 1

NUMBER OF CARS 4

TRAIN WEIGHT 276,110 LBS.

STATION ARR TIME DEP TIME PL

M90 - 02 29 06 2

M80 02 33 04 02 33 10 2

M70 02 35 28 02 35 35 2

M60 02 38 38 02 38 44 2

M50 02 40 38 02 40 45 2

M40 02 43 00 02 43 07 2

M30 02 44 29 02 44 36 2

M20 02 45 51 02 45 59 2

M16 02 47 06 — 2
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TABLE A-

6

BASELINE ENERGY CONSUMPTION TEST

RUN // 2

NUMBER OF CARS 4

TRAIN WEIGHT 276,110 LBS.

STATION ARR TIME DEP TIME PL

M90 - 03 15 17 2

M80 03 26 47 03 26 53 2

M70 03 29 09 03 29 16 2

M60 03 32 19 03 32 26 2

M50 03 34 21 03 34 28 2

M40 03 36 43 03 36 50 2

M30 03 38 13 03 38 19 2

M20 03 39 35 03 39 42 2

M16 03 40 50 — 2
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TABLE A-

7

BASELINE ENERGY CONSUMPTION TEST

RUN # 3

NUMBER OF CARS 4

TRAIN WEIGHT 276,053 LBS.

STATION ARR TIME DEP TIME PL.

M90 01 37 21 2

M80 01 42 07 01 42 19 2

M70 01 44 39 01 45 06 2

M60 01 48 11 01 48 38 2

M50 01 50 44 01 51 03 2

M40 01 53 23 01 53 47 2

M30 01 55 12 01 55 32 2

M20 01 56 57 01 57 07 2

M16 01 58 11 — 2

301



TABLE A-

8

BASELINE ENERGY CONSUMPTION TEST

RUN # 4

NUMBER OF CARS 4

TRAIN WEIGHT 276,053 LBS.

STATION ARR TIME DEP TIME PL.

M90 - 03 15 22 2

M80 03 20 42 03 20 50 2

M70 03 23 03 03 23 10 2

M60 03 26 09 03 26 22 2

M50 03 28 15 03 28 23 2

M40 03 30 37 03 30 47 2

M30 03 32 09 03 32 20 2

M20 03 33 35 03 33 44 2

M16 03 34 49 — 2
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TABLE A-

9

BASELINE ENERGY CONSUMPTION TEST

RUN // 5

NUMBER OF CARS 4

TRAIN WEIGHT 276,053 LBS.

STATION ARR TIME DEP TIME PL.

M16 - 01 58 20 2

M20 02 02 38 02 02 44 2

M30 02 06 53 02 06 59 2

M40 02 08 22 02 08 29 2

M50 02 10 48 02 10 55 2

M60 02 12 49 02 12 57 2

M70 02 16 13 02 16 20 2

M80 02 18 42 02 18 48 2

M90 02 22 42 — 2
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TABLE A- 10

BASELINE ENERGY CONSUMPTION TEST

RUN # 6

NUMBER OF CARS 4

TRAIN WEIGHT 276,110 LBS.

STATION ARR TIME DEP TIME PL.

M16 - -

M20 - 02 52 42

M30 02 56 58 02 57 07

M40 02 58 29 02 58 36

M50 03 00 53 03 01 00

M60 03 02 53 03 03 01

M70 03 06 03 03 06 11

M80 03 08 31 03 08 38

M90 03 12 30 -

304



to predict the energy consumption of the train using computer models.

A. 4 REGENERATION TESTS

The energy consumption of the instrumented train and at the seven sub-

stations was monitored during the evening rush hours between 3.00 P.M. and

6.00 P.M. on three days - 25 August 1981, 26 August 1981, and 1 September

1981. The instrumented train was operating in regular revenue service.

The data for the test on 25 August 1981 is organized here as follows:

Table A-ll

Table A-12

Table A-13

Table A- 14

Arrivals and departures from Daly City

Passenger loading data for arriving trains

Passenger loading data for departing trains

System history log for each train from BART computer

Similar data for 26 August and 1 September 1981 was provided to the industry

groups, although it is not presented here.

A. 4.1 ADDITIONAL COMMENTS ON THE DATA

The data presented in Tables A-ll through A-14 and the different formats

are clarified below.

Arrivals and Departures from Daly City

As mentioned earlier, the test track section is approximately between

the mile posts of 6.00 and 15.30 on the M-line. A train travelling from

Embarcadero to Oakland West leaves the test section about 1 minute and 23

seconds after it leaves the Embarcadero station. Similarly, a train tra-

velling from Oakland West to Embarcadero enters the test section about

1 minute 47 seconds before it arrives at the Embarcadero station. A few

number of trains, such as those leaving Daly City before 3.00 P.M. and
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those arriving at Daly City after 6.00 P.M., are in the test track section

for only part of their runs.

A very small number of trains departing from Daly City in the evening

were parked there earlier in the morning. There is, therefore, no corres-

ponding train arrival in the evening for these departing trains. This data

is complete and accurate as presented in spite of such apparent anamolies.

The arrival and departure times are given in HR MN SEC format. The

last two digits in the train ID number identify the length of the train.

For example, a train with an ID of 115-06 has 6 cars in the consist. The

test train ID was different for different days; for 25 August it was 453-06.

Passenger Loading Data

Passenger loading data for the individual trains is given separately

for the arriving and the departing trains. For the arriving trains, the

number of passengers given for station heading, * denotes the number of

passengers on the train when the train entered the test section. These

passengers were on the train when the train left the Oakland West station.

The average weight of a passenger may be assumed to be 160 lbs.

System History Log Data

The central computer at BART keeps track of each train as it arrives

at and departs from each passenger station on the entire system. This

system history log is given here for every train that was in the test sec-

tion between 3.00 P.M. and 6.00 P.M. during these tests. Only the follow-

ing information on the computer printouts is required for use in computer

simulations

:

(a) Train ID - For most of the trains identified in this history log,

the train IDs can be matched with those given in the arrival and departure

data. But this may not be possible for some trains, such as those taken

306



out of service before reaching their destinations or some transition trains.

Che train ID on the history log should then be ignored, and the trains

matched by their arrival and departure times.

(b) Station Platform for Arrival and Departure - The passenger station

and the platform number for arriving and departing trains is identified by

LOC on the log sheet. The last digit 1,2, or 3 identifies the platform num-

ber and the stations on the M-line are identified as M90, M80, .. , M16. The

other stations are outside the test track section, and the data for these

should be ignored. The end of the test section is at about mile post 6.00,

between the stations M16 (Embarcadero) and M10 (Oakland West).

(c) Arrival and Departure Times - The arrival and departure times for

each of the passenger stations are given in the second and the third columns

in the HR MN SEC format. For any train departing from Daly City, the time

at which it leaves the test section may be obtained by adding 1 minute and

23 seconds to the time of departure from station M16. Similarly, for any

train arriving at Daly City, the time at which it enters the test section

may be obtained by subtracting 1 minute and 47 seconds from the time of

arrival at station Ml 6.

The arrival times at M90 (Daly City) for departing trains and the time

of departure at M90 for the arriving trains should be ignored.

(d) Station Dwell - The dwell times for the trains at each station are

given under the column ACT DWL. This dwell is given in seconds, and the

dwell times given at the beginning and at the end of a run should be ignored.

Further, this dwell is the time interval between the opening and the

closing of the car doors. Actual station dwell exceeds this ACT DWL by about

8-12 seconds.
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(e) Performance Level - The performance level (PL) under which a train

ran is given in the last column and it is between 1 and 6. The ATC speed

commands are modified for different performance levels as in Table A-l

.

Such a system history log was not available for a very limited number

of trains. The arrival and departure times and the passenger loading data

for these trains was, however, available from other computer records at BART.

Blank sheets have, therefore, been added to the log data in place of complete

log sheets for these trains.
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TABLE A- 11

ARRIVALS AND DEPARTURES FROM DALY CITY

25 AUGUST 1981

ARRIVALS DEPARTURES

TIME TRAIN TRAIN TIME

452-04 14 45

372-05 14 50

112-03 14 55

454-04 15 04

15 03 37 115-06 375-10 15 09

15 08 10 456-04 115-06 15 10

15 13 41 377-09 456-04 15 15

15 18 16 117-06 377-09 15 20

15 22 44 459-05 117-06 15 25

15 28 15 379-09 459-05 15 30

15 33 00 119-07 379-09 15 35

15 38 04 441-03 119-07 15 38

15 41 03 361-10 441-03 15 45

15 48 06 101-09 361-10 15 50

15 53 03 443-05 101-09 15 55

15 58 30 363-10 443-05 16 00

16 04 14 103-10 363-10 16 05

16 08 14 445-05 103-10 16 10

16 13 13 365-10 445-05 16 13

16 16 53 105-10 365-10 16 17

16 21 23 387-10 105-10 16 21

16 23 41 447-03 387-10 16 24

16 27 55 367-10 447-03 16 28

52

37

57

22

28

31

40

37

29

38

24

05

42

30

32

37

38

29

50

30

25

36

39
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16 33 00 107-10 367-10 16 32 36

16 37 45 449-04 107-10 16 41 26

16 47 54 369-10 389-10 16 43 20

16 50 53 109-10 449-04 16 44 10

16 56 50 451-04 369-10 16 51 15

17 00 46 371-10 109-10 16 54 34

17 03 18 111-10 451-04 16 59 16

17 06 44 §453-06 391-10 17 01 44

17 09 59 373-10 371-10 17 04 04

17 16 10 113-09 111-10 17 07 17

17 20 28 455-04 §453-06 17 13 02

17 25 57 375-10 373-10 17 18 12

17 31 49 115-06 113-09 17 22 59

17 35 44 457-05 455-04 17 28 02

17 40 49 377-09 375-10 17 33 10

17 52 40 117-06 115-06 17 38 03

17 54 48 459-03 457-05 17 42 54

17 57 42 379-09 377-09 17 48 07

18 01 00 119-07 117-06 17 53 56

18 05 49 441-05 459-03 17 58 01

18 09 54 361-10

18 16 00 101-09

18 20 32 443-05

§ Instrumented Train. Add 38,588 lbs. to the weight of empty train

plus the weight of the passengers.
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TABLE A- 14

SYSTEM HISTORY LOG DATA FOR 25 AUGUST 1981
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APPENDIX B

TEST PROCEDURE

FOR

LINE RECEPTIVITY TEST

B.l TEST OBJECTIVE

This test is to determine energy consumption of a regenerative chopper

car in evening rush hour traffic.

B . 2 TEST EQUIPMENT AND INSTRUMENTATION

Three cars of a revenue train and seven substations will be instrumented

to measure energy consumption at different substations and the test vehicles.

B.2.1 TEST TRACK

This test shall be performed on the ML and MR tracks between Daly

City and about one-third mile beyond the Embarcadero Station (approximately

between the mile posts at 6.00 and 15.30).

The electrical network for this part of the BART system shall be

isolated from the rest of the system by opening the switches MWG1 (between

ML05 and ML04) and MWG2 (between MR05 and MR04) . These two switches shall be

left open during the entire test period.

B.2.2 VEHICLES

Three instrumented cars are required for this test. One of the three

cars shall be the engineering test car and it shall carry all the recording

equipment as defined in Appendix D. This engineering car shall not carry any
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passengers. Two revenue B-cars shall also be instrumented as defined in

Appendix D, but shall also carry passengers. Additional cars shall be added

to this consist to make up a revenue train; these cars shall not be instru-

mented and shall carry passengers. The rest of the fleet in regular revenue

service is not instrumented for this test.

B.2.3 INSTRUMENTATION

The data on the test vehicle shall be recorded on two 14-channel FM

magtape recorders. The variables to be recorded and the requirements and

the location of the sensors are presented in Appendix D.

The data at the substations shall be recorded on a (minimum) 4-channel

tape recorder. The following variables shall be recorded:

Channel

1

2

3

4

Variables

Third rail voltage

Current in Rectifier Bridge //

1

Current in Rectifier Bridge #2

Time

The voltage and current sensors are already in place at each of the

seven substations. These sensors shall be calibrated if necessary.

B . 3 TEST PROCEDURE

1. Confirm that all the system computers are up.

2. Identify data tapes with test number, date and substation name at

the seven substations. Start all the recorders prior to 1500 hours.

3. Board test train (train 451) at Richmond Yard prior to 1430 and

verify all instrumentation running and calibrated.

4. Identify data tapes with test number, date and train number.

Start recorders upon dispatch.
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5. Have Train Operator verify with Central that gap breakers MWG 1

and MWG 2 are open.

6. Train will leave Richmond Yard at 1553 hours, and make one

round trip to Daly City and return. Stop recorders upon arrival

at Richmond Yard.

7. Stop the seven substation recorders after 1900 hours.

8. Repeat this entire procedure for a period of five working days.

9. Fill out request for system history log.

10. Fill out request for train loading report.

11. Fill out request for Valencia St. Switching Station energy

consumption data.

B . 4 TEST DATA

At the end of each day’s running, all the recorded data tapes from

wayside and vehicle shall be reviewed to determine that the data has

in fact been recorded on the tapes. This shall be done by making random

spot checks on the tapes.

B . 5 DATA REDUCTION

The data collected during these tests shall be reduced according to

the requirements specified in Appendix E.
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APPENDIX C

TEST PROCEDURE

FOR

BASELINE ENERGY CONSUMPTION TEST

C.l TEST OBJECTIVE

This test is to determine energy consumption of a chopper car without

regeneration

.

C . 2 TEST EQUIPMENT AND INSTRUMENTATION

Three cars and seven substations will be instrumented to measure

energy consumption at different substations and the test vehicles.

C.2.1 TEST TRACK

This test shall be performed on the ML and MR tracks between the Daly

City and Embarcadero Stations (M16-M90) approximately between the mile

posts at 7.25 and 15.30. Exclusive use of the M-line between mile posts

6.00 and 15.30 is required.

The electrical network for this part of the BART system shall be iso-

lated from the rest of the system by opening the switches MWG1 (between

ML05 and ML04) and MWG2 (between MR05 and MR04) . These two switches shall

be left open during the entire test period.

C.2.2 VEHICLES

One four-car train consisting of the three cars that are instrumented

for the Line Receptivity Test and one revenue A-car are required for this

test

.
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C.2.3 INSTRUMENTATION

The instrumentation requirements are identical to those of the Line

Receptivity Test described earlier.

C . 3 TEST PROCEDURE

1. Confirm that all the system computers are up.

2. Verify all onboard instrumentation is operational and calibrated.

3. Position the test train at Daly City prior to 0200 hours.

4. Identify recorders and data tapes with test number, date and sub-

station name at the seven substations. Start all the recorders

prior to 0200 hours.

5. Record car numbers, instrumentation weight, ballast weight, if any,

test crew names and weight including the train operator.

6. Identify onboard data tapes with test number, date and train number

7. Mark the start of run on channel 12 of the tape recorder A by using

switch provided.

8. Dispatch the train to Embarcadero under ATO control, making all sta

tion stops with nominal 20 second dwell times and 150 second turn

back.

9. Repeat 7.

10. Dispatch train back to Daly City, making all the station stops with

nominal 20 second dwell times and 150 second turn back.

11. Repeat 7 through 10 for as many number of times as possible.

12. At the end of the test period, stop all the recorders.

13. Fill out request for system history log.

14. Fill out request for Valencia St. Switching Station energy consump-

tion data for the test period.

15. The entire procedure shall be repeated for a total of minimum of

eight round trips between the Daly City and Embarcadero stations.
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C . 4 TEST DATA

At the end of each night's running, all the recorded tapes shall be

reviewed to determine that the data has in fact been recorded on the tapes.

This shall be done by making random spot checks on the tapes.

C . 5, DATA REDUCTION

The data collected during these tests shall be reduced according to

the requirements specified in Appendix E.
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APPENDIX D

DATA REDUCTION REQUIREMENTS

The objective of this test program is to obtain sufficient and relevant

data regarding energy consumption of transit cars to be able to validate

computer models predicting the same. Three types of data reduction are de-

fined here. The data reduction requirements of different tests are then

specified in terms of these types.

Type A (Correlation of Several Variables in Time)

Variable No.

1-8

9

10

11

12

13

14

15

16

17

18

Variable

Total kW and station kW for seven stations

Vehicle input kW

Vehicle auxiliary kW

Vehicle traction kW

Series resistance kW/Motor kW in braking

Dynamic braking kW/Motor kW in braking

Traction kW/Motor kW in braking

input kW/Motor kW in braking

Vehicle speed

Vehicle input current, 1^

Vehicle input voltage, V^

All these variables have been defined later in terms of observed variables.

Type B (Average Energy Consumption)

The following variables will be printed and plotted as functions of time

by taking average values ovei 1-minute intervals. The averages for individual
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runs between Daly City and the end of the test track section and similar

return runs will also be computed and printed out.

Variable No.

' 1-8

9

10

11

Variable

Total kW and station kW for seven stations

Vehicle input kW

Vehicle auxiliary kW

Vehicle traction kW

Following variables will be computed for individual runs.

Variable No.

1-8

9

10

11

12

13

14

15

16

Variable

Total kWh and station kWh for seven stations

Vehicle input kWh

Vehicle auxiliary kWh

Vehicle traction kWh

Motor kWh in braking

Series resistance kWh/Motor kWh in braking

Dynamic braking kWh/Motor kWh m braking

Traction kWh/Motor kWh in braking

Input kWh/Motor kWh in braking

Type C (Average Energy Consumption)

Station kW for the seven substations and the total kW will be plotted

as functions of time by taking 1 minute averages.

Type D (Average Energy Consumption)

Station kW for

out as functions of

the seven substations and the total kW will be printed

time by taking 15-minute averages.
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The data collected during all the tests will be reduced as follows:

Test Data Reduction

Regeneration Test Type A for one run

Type B for all runs

Type C for one rush hour period

Type D for all the data

Baseline Test Type A for one round trip

Type B for all runs

The output variables are to be computed from the observed variables by

using the following equations:

Vehicle input voltage V = V + 0.00185

Traction current I = I - I
1 Li X

Vehicle input kW = V
L

' h
Vehicle Aux. kW = V

L
• h

Vehicle traction kW = V
L

* I
T

Dynamic braking kW = 0.75
5)8

Series resistance kW = R ijL
eq DR

Motor kW = 2.V
M ( I

MX

where the equivalent resistance R

Step 1 : Compute T

T = ( 47/15 ) I for

= ( 69/11 ).( I - 75 ) for

( h - V

+ I
MY

^ 0.036 ( + I
MY

is computed in three steps as follows

I < 150

1 > 150
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Step 2 : Compute and

N
2

= 22 + ( 15/3100 ) T

N
3

= 28 + ( 27/3100 ) T

Step 3 : Compute R
eq

R = 0.0 ohm
eq

for N < 17
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